The heteroepitaxial overgrowth of silicon by nearly lattice-matched compound semiconductors is reviewed in the context of the separation of the chemical problems associated with the initial sealing of the silicon surface by a contiguous epitaxial compound film from the problems associated with the generation of strain during heteroepitaxial growth. Of the mixed compound systems available dilute solid solutions of composition Al x Ga 1Ϫx N y P 1Ϫy and ZnS y Se 1Ϫy as well as ZnSi x Ge 1Ϫx P are suitable candidates for the exactly lattice-matched epitaxial overgrowth of silicon. Real-time process monitoring by nonintrusive methods is important for gaining an understanding of the epitaxial overgrowth mechanism and for controlling the film properties. A new method, p-polarized reflectance spectroscopy is introduced that provides detailed information about the growth rate per cycle, the bulk optical properties of the film and its topography. Submonolayer resolution is accomplished for thousands of Å of film growth by pulsed chemical beam epitaxy. While the cubic materials considered here generally afford easier control of the electrical and optical properties, the noncubic materials have advantages in the sealing of the silicon surface because of their anisotropic growth and the formation of metastable solid solutions that may permit the graded growth of compound films under exactly lattice-matched conditions. Therefore, no clear-cut preference in the materials selection for nearly lattice-matched overgrowth of silicon by compound semiconductors can be identified at this time.
I. INTRODUCTION
Silicon is a unique substrate because of its exceptional perfection, purity, and low cost. It provides a reliable basis for the manufacturing of integrated circuits supporting a multibillion dollar industry. Therefore, attempts at extending the use of silicon substrates through the provision of high quality heteroepitaxial coatings to other applications that require the use of compound semiconductors represent a valid goal of advanced materials engineering. In particular, the integration of silicon and compound semiconductor devices is of interest in the context of future advanced microelectronic circuits, e.g., vertically integrated circuits, optically interconnected common memory, and integrated sensor circuits.
The primary obstacle to the commercial use of siliconbased heterostructures is the formation of defects that limit the performance and reliability of devices and circuits. There are two distinct albeit interacting sources of defect formation: ͑1͒ lattice strain and ͑2͒ chemical incompatibilities in the early stages of heteroepitaxial overgrowth. Generally, the properties required for the optimization of specific devices are not realized in compounds that lattice-match silicon exactly. This has stimulated attempts at the direct growth of lattice-mismatched compounds on silicon substrates ͑e.g., GaAs/Si and ZnSe/Si heterostructures 1, 2 ͒. Experience has shown that attempts at understanding and controlling the complex synergism of chemical interactions and straininduced defect formation under the conditions of strained overgrowth of silicon by mismatched compound semiconductors is a forbiddingly difficult task. Therefore, we consider it advantageous to grow first a buffer layer of a latticematched compound that seals the silicon surface, which is followed by the deposition of an appropriately graded layer of the desired lattice-mismatched compound, having the same crystal structure and similar chemical composition as the buffer layer. The control of the problems associated with the interfacial chemistry thus are separated from the control of strain induced defect formation. That this strategy works has been demonstrated recently for well-engineered III-V/Si heterostructures. 3 The key issue in the epitaxial overgrowth of silicon by a nearly lattice-matched compound is the control of planar defect formation during the initial period of nucleation and overgrowth. This is demonstrated by Fig. 1 , which shows a cross sectional transmission electron microscopy ͑TEM͒ image of a GaP film on Si͑001͒ grown by chemical beam epitaxy. Even though GaP is nearly lattice-matched to silicon, the planar defects in the heterostructure have similar spacings as expected between the misfit dislocation for the most important lattice-mismatched compound semiconductor heterostructures, e.g., GaAs/Si or ZnSe/Si. Since for nearly lattice-matched heterostructures, grown by a low temperature process, strain cannot be the cause of the observed defect formation, it must be related to the chemical interactions on the Si surface in the very early stages of epitaxial overgrowth. Real-time process monitoring is essential for developing an understanding of the nature of these interactions without which no progress is possible with regard to the engineering of the defect propagation in lattice-mismatched heterostructures on lattice-matched interlayers on a silicon substrate.
In this article, we first review the choices of materials that are available for nearly lattice-matched heteroepitaxy on silicon and then focus on a specific epitaxial method, pulsed chemical beam epitaxial ͑PCBE͒, and a specific heterostructure, GaP/Si͑001͒, to introduce a new method of real-time process monitoring, p-polarized reflectance spectroscopy ͑PRS͒, which accomplishes the characterization of the growth process with Å resolution over thousands of Å of film growth. 4, 5 The article concludes with an outlook at chalcopyrite structure compounds and alloys that lattice-match silicon and that are of interest in the context of nonlinear optical applications. Figure 2 shows a plot of the band gaps and equivalent lattice parameters for a selection of semiconductors. Of the III-V compounds, GaP and AlP provide for the closest matching of the lattice constants to silicon, that is, ϳ0.36% at room temperature. In view of the substantial differences of the coefficients of thermal expansion between these compounds and silicon, the minimization of strain effects under the conditions of heteroepitaxial growth mandates the selection of low temperature processing. This is possible, for example, by molecular beam epitaxy ͑MBE͒ 3 or chemical beam epitaxy ͑CBE͒ 6 and is further reinforced by the low thermal budget requirement of modern single wafer silicon processing.
II. MATERIALS SELECTION
Of the II-VI compounds ZnS lattice matches silicon within 0.39% at room temperature and is thus a suitable candidate for the provision of nearly lattice-matched interlayers on silicon. In view of their highly anisotropic growth, hexagonal II-VI compounds provide for a greater tendency of the nuclei to spread across the silicon surface than attainable with cubic materials, particularly on the ͕111͖ surface. Also, chalcogenides and pnictides that crystallized in layer structures with weak van der Waals bonds between the layers may be useful choices for the smooth overgrowth of silicon surfaces, accommodating residual strain parallel to the interface and providing a good chemical match to the II-VI and III-V compounds. However, the reliability of circuits incorporating layer compounds may be compromised both by their chemistry and the weak bonding of the layers.
There exist a number of ternary and quaternary III-V and II-VI systems, where the lattice parameters of the constituent binary compounds straddle the lattice parameter of silicon. This has led to the prediction of exactly lattice-matched alloys for heteroepitaxial growth on silicon, e.g., in the GaNGaAs system. 7 However, built-in strain restricts the existence ranges of solid solutions in thermodynamic equilibrium, so that only a limited number of realistic choices of exactly lattice-matched solid solutions emerge from the large number of pseudoternary and pseudoquarternary systems containing hypothetical compositions that match the lattice parameter of silicon on the basis of Vegard's law. Opportunities for the engineering of exactly lattice-matched epilayers in strongly lattice-mismatched multinary systems exist only if at least one component compound nearly lattice-matches silicon.
For example, in the AlN-GaN-AlP-GaP system for which wide regions of immiscibility in solid state are expected, a region of relatively small built-in strain exists close to the Al x Ga 1Ϫx P pseudobinary. Critical temperatures well above the liquidus surface have been predicted by the delta lattice parameter ͑DLP͒ model on the GaN-GaP pseudobinary. 8 The nitrogen concentrations required to achieve exact lattice matching to silicon at room temperature are small, yϭ0.0196 and 0.0189 on the GaN y P 1Ϫy and AlN y P 1Ϫy pseudobinaries, respectively. This is above the solid solubility of nitrogen in GaP. 9 However, access to metastable solid solutions at low growth temperatures is likely to extend the existence range of solid solutions over a limited range of solid solutions in the vicinity of the AlP-GaP pseudobinary. Therefore, in our opinion, dilute Al x Ga 1Ϫx N y P 1Ϫy solid solutions should represent a possibility for the realization of exactly lattice-matched III-V/silicon heterostructures.
In addition to the III-V and II-VI compounds, there exist two classes of tetrahedrally coordinated compounds that crystallize in the chalcopyrite structure, which is derived from the zincblende structure by ordered cation substitution. Substituting the group III sublattice of the III-V compounds at 1:1 ratio by group II and group IV atoms results in the II-IV-V 2 compounds and substituting the group II sublattice of the II-VI compounds at 1:1 ratio by group I and group III atoms results in the I-III-VI 2 compounds. None of the I-III-VI 2 compounds are close enough in their a-axis lattice parameters to the lattice constant of silicon to qualify as suitable choices. The II-IV-V 2 compounds ZnGeP 2 and ZnSiP 2 lattice match silicon on the ͑001͒ interface within ϩ0.4% and Ϫ0.6%, respectively. Since the pseudobinary ZnSi x Ge 1Ϫx P 2 system spans only a small range of lattice parameters that straddle the lattice parameter of Si, the quarternary solid solution ZnSi 0.47 Ge 0.53 P 2 that lattice matches silicon exactly should be accessible. Also we have shown that extended ranges of metastable solid solutions exist in the ZnSiP 2 -ZnGeP 2 -Si-Ge system, which could serve as the basis for graded exactly lattice-matched growth of II-IV-V 2 alloys on silicon.
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III. PULSED CHEMICAL BEAM EPITAXY OF GaP ON Si(001)
Although opportunities for exactly lattice-matched growth exist among the ZnS based II-VI alloys, we focus in our work on pnictides. This preference is predicated in part by preliminary studies of the interdiffusion of phosphorus and gallium at the interfaces of Si/GaP/Si double heterostructures upon rapid thermal annealing ͑RTA͒. They show that GaP/Si heterostructures are stable with regard to interdiffusion under the conditions of ultra-large-scale integration ͑ULSI͒ processing that requires high temperature rapid thermal annealing ͑RTA͒ steps in late stages of the processing sequence. Figure 3 shows a schematic representation of a cut through a chemical beam epitaxy chamber. The substrate points downward and is radiatively heated from its back side. The gas source beams, triethylgallium ͑TEG͒ and tertiarybutylphosphine ͑TBP͒, are brought into the chamber via three-way valves, so that they can be pulsed with computercontrolled delay between the individual pulses. Also, a beam of hydrogen is provided to assist the removal of organic radicals from the surface of the growing film. Prior to insertion into the process chamber via the loadlock, the silicon substrate wafers receive an RCA clean followed by etching in buffered HF to create a hydrogen-terminated ͑001͒ surface of 1ϫ1 reconstruction. The substrates are heated in the presence of both TBP and hydrogen beams to the growth temperature. Then the switching cycles are initiated to start pulsed CBE of GaP. Previously reported research established a process window between 260 and 410°C, where the growth rate is a weak function of temperature. 6 Most of the growth reported here is carried out at 350°C. In order to gain a better understanding and control of the heteroepitaxial process, provisions are made for real-time monitoring of the initial surface cleanliness/structure and the film growth by PRS. PRS is based on the changes in the reflectance of the heteroepitaxial stack during its formation with regard to a beam of p-polarized light that impinges onto the surface at the Brewster angle of the substrate. In this work we employed a combination of a HeNe laser and a Glan-Thompson polarizer to generate a p-polarized beam of 632.8 nm wavelength at which the GaP is transparent. The reflected beam is detected by a photodiode, processed through a phase sensitive amplifier, and read into a computer. In addition, the radiation that is scattered by the growing film into the entrance slit of a photomultiplier is detected at a location well removed from the plane of incidence of the impinging light beam. It provides information on the roughness of the top and bottom interfaces of the film.
The complex reflectivity of a three-layer stack composed of materials labeled 0, 1, and 2 with interfaces labeled 01 and 12, respectively, is given by
with reflectivity coefficients
and phase
Upon initiation of heteroepitaxial growth, the reflected intensity R p ϭrr p rr p * oscillates with a period corresponding to a quarter-wavelength between adjacent minima as illustrated in Fig. 4 , providing information on the growth rate and on the optical properties of the growing film. 11 Note that contamination of the surface by interactions with a contaminated residual vapor atmosphere during heating to the growth temperature would present itself by changes in the dielectric properties that could be detected early. The monitoring of the surface properties prior to growth thus provides valuable information with regard to the reproducible initial conditions for the growth process and the opportunity for termination at an early stage in the event of contamination problems.
Detailed information regarding the nucleation and epitaxial overgrowth process is gained from the analysis of the fine structure that is superimposed on the quarter-wavelength oscillations of the reflected intensity. It relates to modifications of the dielectric function in the vicinity of the surface of the evolving heteroepitaxial layer due to the exposure to the sequential Ga͑C 2 H 5 ͒ 3 and t-butPH 2 pulses. Figure 5 shows the correlation of the fine structure to the chemical changes on the surface. Each peak in the fine structure represents a complete precursor cycle. In contrast to reflection high-energy electron diffraction ͑RHEED͒ oscillations, the fine structure is maintained for thousands of cycles as illustrated in Fig. 6 . Thus PRS permits to follow the heteroepitaxial growth process with submonolayer resolution over thousands of monolayers, thus providing access to the study of the growth mechanism in both the nucleation and initial overgrowth phase as well as in the later stages of film growth. In the case of homoepitaxy, the quarter-wavelength oscillations in the reflected intensity do not exist, but the fine structure persists. It is similar to the surface photoabsorption ͑SPA͒ previously described in the context of GaAs homoepitaxial structures made by MBE. 12 However, a difference exists between SPA and PRS in that SPA chooses a laser energy above the absorption edge to obtain high surface sensitivity, while PRS works at below bandgap energy to probe for both bulk and surface effects. The latter permits a calibration of the layer thickness deposited per precursor cycle on the basis of the quarter wavelength oscillations observed in heteroepitaxial growth experiments. In the case of GaP epitaxy on Si͑001͒ by PCBE the layer thickness deposited per precursor cycle does not change from the initial overgrowth phase till the end of the film growth depicted in Fig. 4 . Without precautions in the selection of the source compound pulse heights, widths, and delays, the fine structure signal is amplitude modulated with a period that persists over extended periods of film growth, but undergoes slow changes as the thick film heterostructure evolves from the initial overgrowth phase, as illustrated in Fig. 5 . In the special case of homoepitaxy of GaP on GaP͑001͒ substrates, the periodicity in the amplitude modulation of the fine structure coincides with a similar modulation of the amplitude of the scattered radiation. 4 Therefore, it is at least in part related to the surface roughness that undergoes a slow change in the course of thick film depositions. In addition to possible periodic variations in the surface topography, chemical changes in the effective dielectric function contribute to the amplitude modulation of the fine structure, which may be eliminated by an appropriate choice in the relative width, amplitude, and delay of the precursor pulses. PRS provides thus a means for realtime tuning of the deposition conditions of PCBE toward atomic layer epitaxy ͑ALE͒. An unequivocal check for selfterminating ALE mechanisms that should result in monolayer thickness per cycle independent of the amplitude and width of the precursor pulses is given by the possibility of calculating the layer thickness per pulse sequence from the observed PRS signal. Under the conditions of PCBE of GaP on Si for the precursor chemistry chosen by us selfterminating ALE does not exist.
Figures 7͑a͒ and 7͑b͒ show atomic force microscopy ͑AFM͒ images ͑left͒ and line scans ͑right͒ just after sealing of the silicon ͑001͒ surface by a contiguous GaP film and after 4455 Å GaP deposition. The root-mean-square ͑rms͒ surface roughness changes from 1 nm for Fig. 7͑a͒ to 2 .26 nm after an extended period of growth. Note that the AFM line scans cover a wider area than shown in the images. A complete evaluation at different length scales is still outstanding.
Figures 8͑a͒ and 8͑b͒ show equivalent AFM images and line scans for the silicon ͑001͒ substrate prior to growth and after five precursor cycles, respectively. The rms surface roughness prior to growth and after nucleation of GaP is 0.5 and 1.9 nm, respectively, that is, the surface after nucleation is substantially rougher than after sealing of the silicon surface by a contiguous layer of GaP.
Although the image of the nuclei spreading over the silicon surface seems to reveal slanted side faces, the actual habit of the nuclei is flatter than suggested by the image, that is, the spikes in the line scan are typically 10 nm high and 80 nm across. This height scale is consistent within the error limits with the habit calculated from the growth rate per cycle ͑ϳ3 Å͒ and the surface coverage after five cycles ͑ϳ20%͒. The GaP nuclei on Si͑001͒ thus tend to grow out into three-dimensional islands, which is due to two independent causes: ͑i͒ the thermodynamic definition of the habit of the nuclei by the modified Wulff's law 13 and ͑ii͒ the catalytic enhancement of the pyrolysis of t-butylphosphine on the surface of the GaP nuclei as compared to the bare Si surface. This explains the differences in the growth kinetics prior and after sealing of the silicon surface. Inhomogeneous growth conditions that are caused by the different catalytic properties of the coexisting GaP and Si surface elements prevail during the initial nucleation and overgrowth stage, so that even at uniform incident fluxes of t-butPH 2 and Ga͑C 2 H 5 ͒ 3 the surface coverages by Ga and P precursors to growth on the GaP islands relative to the remaining bare silicon surface areas differ. This complication vanishes as soon as the silicon surface is overgrown by a contiguous GaP epilayer.
Additional insight into the nucleation process is obtained from the analysis of the PRS intensity in the initial period of heteroepitaxial overgrowth. The corrugation in the surface during this stage of film growth is incorporated into the description of the reflectivity by replacing the dielectric function of the bulk film by an effective dielectric function
that varies for a range of the corrugation parameter 0рqр1 between the dielectric functions of the ambient ͑qϭ0͒ and the compact film ͑qϭ1͒. Thus the effective dielectric function of a corrugated GaP film that covers the silicon surface incompletely is expected to be substantially smaller than the dielectric function for a contiguous film. Because of the larger difference between the dielectric constants of the substrate and the corrugated film, this should express itself in an enhanced PRS intensity during the nucleation period depending on the degree of deviation from two-dimensional growth. Indeed, we have observed in specific cases substantial enhancements in both the reflected and scattered intensities during the nucleation period. Figure 9͑a͒ shows this for conditions, where AFM images and line scans-taken at selected intervals in the initial period of nucleation and heteroepitaxial overgrowth-reveal the formation of threedimensional islands resulting in ϳ20% coverage after five precursor cycles and complete coverage after ten cycles. Figure 9͑b͒ shows a magnified view of the PRS intensity for the experiment shown in Fig. 4 during the initial period of nucleation and overgrowth. Here no substantial enhancements of the signal are observed, suggesting a nearly two-dimensional nucleation and overgrowth mechanism. Unfortunately, this is not always observed, which we relate tentatively to irreproducible cleanliness and structure of the silicon surface. We have shown previously that the CBE growth of GaP on Si͑001͒ and Si͑111͒ surfaces proceeds highly selectively with regard to surface areas masked by SiO 2 or SiC.
14 Al- FIG. 7 . AFM images ͑left͒ and line scans ͑right͒ of ͑a͒ a Si͑001͒ surface at the stage of complete sealing by a contiguous GaP epilayer corresponding to an exposure to ten precursor cycles, and ͑b͒ the surface of the same wafer after exposure to 1485 precursor cycles corresponding to a GaP epilayer thickness of ϳ4455 Å.
though this is a desirable feature in the context of ULSI processing, problems must be expected under the conditions of forced heteroepitaxial overgrowth of the silicon surface by GaP nuclei in surface areas that are contaminated by residual oxygen and other contaminants. A driving force for the nucleation of planar defects is provided on the basis of the Gillespie-Nyholm principle 15 by the repulsive interactions between the lone pairs of electrons on the group V or group VI precursors to the growth of III-V or II-VI epilayers on the one side and the lone pairs of electrons on the oxygen atoms of residual oxide patches on the other side. At the boundary between the ͕111͖ facet on a III-V or II-VI nucleus sweeping over the Si surface and a patch of oxygen atoms on the silicon surface the group V or group IV precursors to growth thus may be forced to settle into faulted surface positions that maximize the distance between the surface oxygen and group V or group VI atoms.
There are several observations reported in the literature that support this interpretation. For example, in the epitaxial overgrowth of Si by ZnSe, the formation of planar defects is significantly reduced upon use of an arsine preflow that terminates the silicon ͑001͒ surface by arsenic atoms, which prevent further interactions between the surface and incoming Se precursors to growth. 16 Also, a substantial improvement of GaP epitaxy on Si based on As termination of the Si surface by arsine preflow during heating and high temperature annealing, as well as on cooling from the annealing to the process temperature in an arsine blanket, has been reported. 17 Furthermore, we have observed that the provision of a hydrogen beam that scavenges both oxygen containing molecules of the residual gas atmosphere and carbon containing radicals at the surface of the GaP film is an effective means for reducing the density of planar defects under the conditions of PCBE. 18 Since a very small coverage of the silicon surface by contaminants that is difficult to detect ͑⌰р10 Ϫ4 ͒ suffices to initiate the nucleation of planar defects in the epitaxial film at a density that prohibits its use for device fabrication, future improvements in the control of planar defect formation will probably continue to rely on empirical improvements of the surface cleanliness ͑e.g., by switching from the conditions of homoepitaxial Si deposition to heteroepitaxial GaP growth͒. In addition to the control of the surface cleanliness, also the control of the initial surface topography will be important to optimize the complicated FIG. 8 . AFM images ͑left͒ and line scans ͑right͒ of ͑a͒ a clean hydrogen terminated Si͑001͒ surface prior to heating and ͑b͒ a Si͑001͒ surface after exposure to five precursor cycles.
step flow under the conditions of PCBE at low substrate temperatures, where nucleation on terraces between existing steps plays an important role.
IV. HETEROEPITAXY OF NONCUBIC LATTICE-MATCHED COMPOUNDS ON SILICON
Since the ZnSiP 2 -ZnGeP 2 system exhibits small changes in the lattice parameter with composition and matches the lattice constant of Si at xϭ0.53, it is of interest in the context of exactly lattice-matched growth on Si substrates. Smooth heteroepitaxial films of ZnGeP 2 are obtained by organometallic chemical vapor deposition at atmospheric pressure at 585°C on GaP and Si substrates, respectively. 19, 20 Also, epitaxial films of ZnSi x Ge 1Ϫx P have been produced by organometallic chemical vapor disposition ͑OMCVD͒ at the same substrate temperature. 21 The key question that will be decisive for the viability of ZnSi x Ge 1Ϫx P 2 heterostructures in nonlinear optics and integrated optics applications is as to whether or not low temperature chemical vapor deposition ͑CVD͒ processes provide for sufficient control of the point defect chemistry in this material, which is more complex than for binary compounds and their alloys. Under the conditions of high temperature processing, e.g., crystal growth from the melt, disorder on the cation sublattice is quenched-in upon cooling to room temperature. Two broad bands of deep donors ͑D1͒ and acceptors ͑A1͒ are associated with this disorder and dominate the residual absorption in the near infrared. 22 The density of filled and empty states in these bands depends on both the defect density and on the position of the Fermi level. Therefore, the luminescence features and the residual absorption in the infrared are affected by annealing experiments that annihilate quenched-in defect pairs and change the position of the Fermi level due to changes in the native point defect chemistry. The latter has been tested by us using crystals grown by high pressure physical vapor transport in a dense phophorus vapor atmosphere ͑HPVT͒, which allows the variation of the composition across the entire homogeneity range. Although it is the only method thus far that achieves n-type behavior in nominally undoped ZnGeP 2 crystals, it operates above the order-disorder temperature of ZnGeP 2 and is thus subject to the same limitations as melt growth experiments with regard to quenched-in nonequilibrium populations of antisite defects on the cation sublattice.
As to whether or not the problem of native defect control is solvable under low temperature vapor growth conditions is not known. Clearly quenched-in disorder on the cation sublattice should present less of a problem, but the low-sticking coefficients of P and Zn as compared to Ge favors the incorporation of excess Ge on P-and Zn-antisite positions even at high Zn:Ge and P:metal flow rate ratios. Thus low resistivity p-type material is obtained that is not suitable for the most interesting device applications. Nevertheless, stoichiometric heteroepitaxial films of excellent surface morphology and low concentrations of extrinsic point defects have been made, and the net carrier concentration decreases significantly with increasing silicon content in epitaxial ZnSi x Ge 1Ϫx P 2 . Therefore, further improvements in the control of the electrical properties may be expected from future research.
V. SUMMARY
In conclusion, we propose a strategy for the heteroepitaxial overgrowth of silicon by compound semiconductors that separates the problems associated by interfacial chemistry and structure from the problems associated with the lattice mismatch. Of the mixed compound systems available Al x Ga 1Ϫx N y P 1Ϫy , ZnS y Se 1Ϫy and ZnSi x Ge 1Ϫx P 2 are suitable candidates for exactly lattice-matched epitaxial overgrowth of silicon. Real-time process monitoring by nonintrusive methods is important for gaining an understanding of the epitaxial overgrowth mechanism and for controlling the film properties. A new method, p-polarized reflectance spectroscopy, is introduced that provides detailed information about the growth rate per cycle, the bulk optical properties of the film and its topography with submonolayer resolution for thousands of Å of film growth by pulsed chemical beam epitaxy. The most critical issue in the implementation of nearly lattice-matched overgrowth of silicon surfaces is the control of planar defect formation that is linked to residual surface contamination. Since very small levels of surface FIG. 9 . Fine structure in the PRS intensity during the initial overgrowth stage for ͑a͒ conditions resulting in three-dimensional nucleation and overgrowth and ͑b͒ the same growth experiment as used in Figs. 4 and 6. contamination that are difficult to detect with existing methods of surface analysis suffice to result in substantial defect densities, research addressing this issue must take an empirical approach. Fortunately, PRS provides for the sensitive and immediate characterization of the deviations from a twodimensional overgrowth, so that future empirical studies that relate the effects of modifications in the wafer cleaning, surface conditioning, precursor chemistry and pulse sequence to improvements in the overgrowth mechanism do not have to rely exclusively on time-consuming ex situ characterization experiments.
